. 2001. Mobility of heavy metals in soils amended with sewage sludge. Can. J. Soil Sci. 81: [405][406][407][408][409][410][411][412][413][414]. Sewage sludges added to arable land can improve soil fertility and physical properties. However, the concentrations of heavy metals commonly found in sludges limits their application to soil. The purpose of this paper is to evaluate the mobility of heavy metals (Cd, Cu, Ni, Pb and Zn) in four soils amended with different rates (0, 80, 60 and 320 t ha -1 ) of anaerobically stabilized urban sewage sludge. Total metal content in the sewage sludge was Zn >> Cu > Pb > Ni >> Cd. Sludge, soils and sludge-soil mixtures were fractionated by the Tessier sequential extraction procedure. The fractions extracted by H 2 O 2 /HNO 3 and NH 2 OH.HCl were the most abundant pools for metals under study. The apparent mobility of metals in the sludge was Zn ≈ Cd ≈ Ni > Pb > Cu. The addition of sewage sludge in soils increased the percentages of metal extracted in non-residual fractions. ANOVA showed that the most significant increases were those of Zn, followed by Cu and Pb; there were no statistical differences (P < 0.05) for Ni and Cd. Exchangeable Zn from sludge was immobilized in basic soils. The other trace metals showed no fraction redistribution. The soils and sludge-treated soil samples were also extracted with EDTA and DTPA. Extraction with EDTA was more sensitive to soil type, whereas extraction with DTPA showed wider variation with metals. Both chelates seemed to be more effective to assess the mobility of metals added with the sludges at low concentrations than the Tessier's chemical partitioning.
The use of sewage sludge as an organic amendment in agriculture is a widespread practice in many countries. Sewage sludges disposed of on arable land improve the fertility and physical properties of the soil. However, the high concentrations of heavy metals, commonly found in sludges, limit their application on land (Alloway 1995). Mobility, environmental diffusion and bioavailability of heavy metals present in the sewage sludge largely depend on soil physico-chemical characteristics and, likewise, on trace metal chemical forms (Obrador et al. 1998) .
Several soil-related factors, namely pH, organic matter, Mn and Fe oxides, and clay content determine the chemical associations of heavy metals and their availability to plants (Narwal and Singh 1998) . Among these factors, pH has been regarded as a major variable regulating the metal mobility in soils (Heckman et al. 1987) . The sorption and the precipitation of heavy metals are enhanced by increasing soil pH (Kiekens 1984; Alloway and Jackson 1991) . These processes help to explain the decreased mobility normally found in soils with a basic pH.
Sequential extractions have been used to fractionate heavy metals in sludge (McGrath and Cegarra 1992; Petruzzelli et al. 1994) For personal use only. (Emmerich et al. 1982; McGrath and Cegarra 1992) and, indirectly, their mobility and plant availability (Dudka and Chlopecka 1990; Sims and Kline 1991; Tsadilas et al. 1995) . Despite uncertainties related to the selectivity of the various extractants and to potential problems due to readsorption, sequential extraction procedures provide detailed information about the status of trace metals in soils (Pickering 1986; Echeverría et al. 1998) . A procedure used extensively in soils and sediments is that of Tessier et al. (1979) , which is based on five operationally defined fractions: exchangeable, carbonate, Fe-Mn oxides, organic, and residual. The exchangeable fraction is considered to be the most plant-available form (Petruzzelli 1989; Xian and Shokohifard 1989; Shuman 1991) , whereas metals extracted in the residual fraction are considered to be less mobile and available in the short to a medium term (Brümer 1986 ). Application of sewage sludge to soil may alter heavy metal content in the fractions and enhance chemical forms potentially available (Pengxing et al. 1997) .
Single chemical extractions with synthetic chelating agents such as ethylene diamine tetraacetic acid (EDTA) and diethylene triamine pentaacetic acid (DTPA) have been widely used to study relationships between metals in plants and soils. Single extractions are less time consuming than sequential extractions. They have been used as an alternative to sequential extractions in routine tests to evaluate plant availability and mobility of heavy metals in soils amended with sewage sludge (Lebourg et al. 1996) . These extractants usually aim to extract the fractions that are water-soluble, easily exchangeable, and some of the organic bound metals, although they can also dissolve some of the carbonates and oxyhydroxides (Pickering 1986 ). The efficiency of these extractants is usually measured in terms of their ability to extract an amount of metal that correlates well with the plant content. Correlations vary according to the analyzed metal, soil and experimental conditions (Kuo 1990; Juste and Tauzin 1992) . The metal ions extracted are not necessarily the same as the ions absorbed by the plant. They are only related by a satisfactory empirical relationship allowing for a rough prediction of the mobility of the metal.
The purpose of this study was to investigate the mobility of sludge-borne heavy metals added to four soils with different physico-chemical properties. In order to enhance these effects, sewage sludge was applied at rates (80, 160 and 320 t ha -1 ) up to the maximum limit values established by the Spanish (R.D. 13110/1990) and European Community (86/278/EEC). Trace elements were sequentially extracted using the Tessier procedure from sludge, soils and sludge-treated soil samples. The soils and sludge-treated soil samples were also extracted with two solutions standardized for predicting plant availability, which include EDTA (pH 4.65) and DTPA (pH 7.30).
MATERIALS AND METHODS

Soils and Sewage Sludge
The four soil samples used in this study were collected in Navarra (Spain). According to soil taxonomy (Soil Survey Staff 1975) , the soils were Lithic Haplumbrept (Lh), Calcixerollic Xerochrept (Cx1 and Cx2), and Paralithic Xerorthent (Px). Calcixerollic Xerochrepts (Cx1 and Cx2) and Px were agricultural soils, whereas Lh was uncultivated (Echeverría et al. 1998 (Echeverría et al. , 1999a . Samples from the top 15 cm soil layer were air-dried, ground, and sieved through a 2-mm mesh before determining specifics soils properties: (1) particle-size distribution by fractionation using wet sieving and sedimentation (Primo Yúfera and Carrasco Dorriens 1987); (2) mineralogical composition of clay fraction by a Siemens D500 X-ray diffractometer; (3) total amount of carbon and nitrogen by using a Carlo Erba EA 1108 elemental analyzer; (4) inorganic carbon (Loeppert et al. 1984) ; (5) (Jackson 1982) ; and (7) surface area by N 2 gas adsorption at 77 K (Echeverría et al. 1999b) . Selected physical and chemical characteristics of soils are presented in Table 1 . With the exception of the Lh soil, which is acidic and has a large organic C content, the other three soils had a basic pH, and contained a moderate or small percentage of organic C. The CEC values were similar to those found in references for illite (10-40 meq 100 g -1 ) (Tan 1982; Alloway 1990), which was the most abundant phyllosilicate in soils under study. The BET surface area obtained from N 2 adsorption at 77 K of the soils ranged from 8 m 2 g -1 for Lh to 50 m 2 g -1 for Cx1.
The sludge was collected from the wastewater treatment plant of Arazuri that receives domestic and industrial water from Pamplona (Spain). It was a primary anaerobically digested sludge. Chemical properties of sewage sludge and total concentration, of Cd, Cu, Ni, Pb and Zn are presented in Table 2 . The largest concentration was that of Zn followed by Cu, Pb, Ni and Cd. These concentrations are usually found in sludges with low inputs in industrial sewage, and were far below the Spanish and European Community limit values for agricultural use.
Soils Treatment with Sewage Sludge
Subsamples of each air-dried sieved (< 2 mm) soil were thoroughly mixed with the air-dried ground homogenized sludge in pots to produce mixtures equivalent in the field to application rates of 0 (reference), 80, 160 and 320 t ha -1 . Assuming an incorporation depth of 30 cm, the doses of sewage sludge, equivalent to 0, 80, 160 and 320 t ha -1 were 0; 0.027; 0.053; and 0.107 g dry weight cm -3 , respectively. These high application rates were an extreme treatment that would not be recommended in agricultural practice. Considering the concentration of metals in the sewage sludge, an annual dose of 80 t ha -1 would be higher than the annual threshold for Zn according to Spanish and CEE regulations for the use of sewage sludge as soil amendment. The maximum amount of sewage sludge that could be added to the soils without going beyond the annual limit for Zn would be 56 t ha -1 . The soil-sludge samples were left to settle at field temperature for a month by periodically adding distilled water to keep moisture near field capacity. For each treatment, an integrated sample was prepared by mixing Can. J. Soil. Sci. Downloaded from pubs.aic.ca by UNIV PUBLICA DE NAVARRA on 01/29/14
For personal use only. three portions taken from the surface, middle and bottom parts of the pots. These integrated samples were air-dried and crushed again to pass a 2-mm sieve prior to determining pH and studying the mobility of heavy metals by chemical extractions. Amendment with sewage sludge increased pH of Lh soil by one unit after the application of 320 t of sewage sludge ha -1 , but did not alter the pH of alkaline soils (Cx1, Cx2 y Px).
Metal Extraction Experiments
The metal distribution in sewage sludge and soil sub-samples from each treatment was assessed by the sequential extraction procedure of Tessier et al. (1979) . The steps in the sequence were operationally defined in terms of the targeted forms as follows (Kim and Fergusson 1991) : Fraction 1, exchangeable-weakly sorbed (8 mL, 1 M MgCl 2 ); Fraction 2, sorbed and/or carbonate bound (8 mL, 1 M NaOAc/HOAc, pH 5.0); Fraction 3, strongly sorbed to organic matter and/or strongly bound to easily reducible manganese oxides and amorphous iron oxides (20 mL, 0.04 M NH 2 OH.HCl in 25% acetic acid); Fraction 4, very strongly bound or incorporated into organic matter or other oxidizable species (8 mL, H 2 O 2 30% + 3 mL, 0.02 M HNO 3 ); Fraction 5, incorporated within resistant minerals (20 mL, HF 40%+4 mL, HClO 4 70%). Suspensions were centrifuged at 3000 rpm for 10 min. Aliquots from the supernatants were removed, diluted up to 50 mL with distilled-deionized water and stored in polyethylene bottles to which 0.10 mL of HNO 3 (70%) were added for sample preservation. The rest of the extract was discarded and the residue was washed with 8 mL of distilled-deionized water; after centrifugation, the wash solution was discarded.
Extractable metal concentrations in soil subsamples from each treatment were also determined using EDTA and DTPA. In the EDTA extraction (Lakanen and Erviö 1971) , 3 g of soil were extracted with 30 mL of 0.02 M EDTA + 0.5 M NH 4 OAc (pH 4.65) for 1 h. In the DTPA extraction (Lindsay and Norvell 1978) 15 g of soil were extracted with 30 mL of 0.005 M DTPA + 0.1 M TEA (trietanolamine) + 0.01 M CaCl 2 (pH 7.30) for 2 h. The suspensions were placed in a thermostated water bath (Grant model SS40-2) at 298.0 ± 0.2 K, and shaken at 3 Hz. After the specified time for each extraction, suspensions were centrifuged at 3000 rpm for 10 min and the supernatants, acidified with 0.10 mL of HNO 3 (70%), were stored in polyethylene bottles for metal determination.
For each sample, sequential extraction and extractions with EDTA and DTPA were conducted in triplicate. Standards for all metals analyzed were prepared for each extraction in the same matrix as the extracting reagent to minimize matrix effects. Metal concentrations were determined by atomic absorption spectrophotometry (PerkinElmer mod. 2100). To determine total metal concentration in soils and sewage sludge triplicate sub-samples (1 g dry wt) were digested using the same procedure as that used for the residual fraction (Tessier et al. 1979 ).
Statistical Analysis
Sewage sludge treatment effects on content and mobility of heavy metals in soils were analyzed using variance analyses (ANOVA) based upon a design with three replications For personal use only. (Winer et al. 1991) . A probability level of P < 0.05 was selected to establish statistical significance. We applied a multifactorial ANOVA to the percentages obtained from the Tessier fractions to evaluate the contribution to the total variance of sewage sludge rates (0, 80, 160, 320 t ha -1 ), metals (Cd, Cu, Ni, Pb and Zn), soils (Cx1, Cx2, Px and Lh) and fractions (exchangeable, carbonates, oxides and organic matter). Similarly, we applied a multifactorial ANOVA to the percentages of metals extracted with EDTA and DTPA, including sewage sludge rates, metals and soils. SPSS Advanced Statistics 6.1 was used for this purpose. Figure 1 shows, in percentages, the distribution of the chemical forms of Cd, Cu, Ni, Pb and Zn in the sewage sludge. The total percentage recoveries of metals extracted were Cd, 100; Cu, 99; Ni, 102; Pb, 91; and Zn, 93. The Fig. 1 (Martin et al. 1987) , and that extractability decreases roughly according to the order of extraction (Harrison 1981); mobility of metals in the sludge was as follows: Zn ≈ Cd ≈ Ni > Pb > Cu. Since the sum of the amounts of Cd, Cu, Ni, Pb and Zn extracted by NH 2 OH.HCl (918 mg kg -1 ) was larger than the total Fe and Mn content released in that fraction (881 mg kg -1 ), it is highly unlikely that the metals extracted in this fraction were exclusively associated with Fe and Mn oxides. According to Kim and Fergusson (1991) some of the metals released in the oxide fraction are metals strongly sorbed to organic matter which were not extracted in previous fractions. Therefore, partitioning would reflect not only the contribution of geochemical phases, but also the diversity of reactive groups generated by the variety of active functional groups found in sludge organic matter and the different reactivity of metals.
RESULTS AND DISCUSSION
Heavy Metal Distribution in Sewage Sludge
Effects of Sewage Sludge Application on Total Content and Distribution of Heavy Metals in Soils
Total concentration of Cd, Cu, Ni, Pb and Zn in soils following application rates of 0 (reference), 80, 160 and 320 t ha -1 of sewage sludge are included in Fig. 2 . In control soils (0 t ha -1 ) the total concentration of heavy metals was within the range of the most frequent values for natural soils (Adriano 1986; Kabata-Pendias and Pendias 1993) . In general, the largest concentration corresponded to Lh, a soil derived from ophites. Amendment with sewage sludge increased the total concentration of Cu, Pb and Zn in soils. The rise reflected the sludge metallic content (Table 2) and the doses applied. The biggest increases corresponded to Zn, followed by Cu and Pb; there were no significant differences (P < 0.05) in the total concentration of Ni and Cd after the addition of sludge.
The metal distribution in the five fractions of the Tessier procedure corresponding to the sewage sludge-amended For personal use only. soils differed according to the application rates, the metal extracted, and soil considered. On applying a multifactorial analysis of variance to all results, a positive correlation (r 2 = 0.91) was detected between sludge application rate and the overall mean percentage of metals extracted in non residual fractions, ranging from 35.4% for 0 t ha -1 dose to 43.3% for 320 t ha -1 ( Table 3 ). The application of sewage sludge provided a source of heavy metals and enriched the soils in relatively mobile and available forms (Pengxing et al. 1997) . The mean percentages released in the non-residuals fractions, including the results of the four soils and five metals, showed greater rises for NH 2 OH.HCl, H 2 O 2 /HNO 3 , and NaOAc/HOAc extractions than for exchangeable fraction ( Table 3 ). The dissolution and consequently the mobility and bioavailability of metals added with sewage sludge are controlled mainly by organic matter and oxides that act as principal adsorbents and can prevent excessive mobilisation of heavy metals (McBride 1995) . Soil carbonates decrease the availability of metals more for their effect on soil pH than for their adsorption capacity. Table 3 shows that the increase in the overall mean percentage for metals extracted in the non residual fractions was brought about by Zn, Cu and Pb, but not by Ni and Cd, which is consistent with the metal level in the sewage sludge. The effect of the application doses on the four soils For personal use only.
was slightly higher in the Lh soil than in the other three (Cx1, Cx2 and Px) because the apparent density of the Lh (0.58 g cm -3 ) was lower than that of Cx1 (1.05 g cm -3 ), Cx2 (1.14 g cm -3 ) and Px (1.19 g cm -3 ) soils; in the Lh soil the same sludge dose, in terms of t ha -1 , gave rise to a larger sludge/soil mass rate. The pH increase by almost one unit in the Lh soil following the addition of 320 t of sludge ha -1 favoured the retention of metals, and therefore, the total average percentage of metal extracted was less than expected.
The global trends observed after applying a multifactorial ANOVA (Table 3) are depicted in detail in Figs. 3-5 , which show the average concentrations of Zn, Pb and Cu extracted in the Tessier fractions of soils following application rates of 0, 80, 160 and 320 t ha -1 . In comparison with the control soils, sewage sludge addition statistically increased (P < 0.05) the concentration of Zn extracted by NH 2 OH.HCl, NaOAc/HOAc and H 2 O 2 /HNO 3 (Fig. 3) ; the largest increases took place in oxides. As the Zn was mostly oxide-bound in sewage sludge (Fig. 1) , its application to the soils increased the percentage of the reducible fraction (Fig. 3) . There was no significant change in the Zn content extracted from the residual fraction. Exchangeable Zn was detected only in soil-sludge mixtures from the acidic soil (Lh), and was always below 2.5% of the total extracted in the five fractions. In Px, Cx1 and Cx2 soils immobilisation of the exchangeable Zn from sludge took place. It was attributed to the basic pH and the buffering capacity of soils as a consequence of the presence of calcium carbonate (Px, 40%; Cx2, 19%; Cx1, 6%). On the contrary, acidity and the scarcity of carbonates in the Lh soil favoured the release of Zn from sludge (Parveen et al. 1994) .
The only significant increase (P < 0.05) in the Cu concentration extracted following sludge application to soils corresponded to the fraction extracted by H 2 O 2 /HNO 3 (Fig. 4) ; there were no significant differences in the concentration obtained in the NH 2 OH.HCl and residual fractions. The copper profile reflected its distribution in the sludge and in the soils control (0 t ha -1 ), and no Cu redistribution was detected in the fractions. The organic matter contained by sewage sludge acts in soils both as a source of Cu but also as a major adsorbent for this metal; thus, the extraction and consequently the mobility of Cu was mainly controlled by organic matter (Planquart et al. 1999) .
The main contribution of sludge to the partitioning of Pb was in the H 2 O 2 /HNO 3 fraction (Fig. 5) , as a consequence of both the association of Pb with that fraction in sludge (70.6%) (Fig. 1) , and the non existence of a redistribution of this metal. In Lh, Cx1 and Px soils increases were statistically significant (P < 0.05) for doses more than 160 t ha -1 ; but in Lh soil they were significant only in NH 2 OH.HCl fraction and for the maximum dose of 320 t ha -1 . Nickel and Cd concentrations extracted in the Tessier partitioning did not significantly increase with the sewage sludge application rates.
Effects of Sewage Sludge Application on Heavy Metal Extracted by EDTA and DTPA Solutions
Metal concentrations extracted with EDTA and DTPA are expressed as percentages of the total concentrations to eliminate the effect of the different amount of metals in the sewage sludge, and to be able to screen both chelates for their ability to extract metals. Table 4 shows that the three analyzed variables, sewage sludge dose, soil, and metal contributed significantly to the total variance; however, the contribution varied with the extractants. With EDTA (pH, 4.65) the type of soil contributed to the total variance more than the metal type or sludge rate. The differences in the carbonate contents of soils ( Table 1 ) would explain that the soils was the variable with the largest contribution to the total variance for EDTA extraction (Batley 1987; Singh et al. 1996) . On the other hand, the extraction with DTPA (pH, 7.30), prepared to avoid soil carbonate dissolution (Lindsay and Norwell 1978) , was more sensitive to metal type.
The mean percentages extracted with EDTA and DTPA for the different sludge doses are shown in Table 5 . Each result is the average value obtained by a given metal in the four soils (metal subgroup) or by a given soil in the five metals (soil subgroup). The average percentages of Cd, Cu, Ni, Pb and Zn extracted with EDTA were approximately between 3 and 9 times larger than those obtained by DTPA, probably due to the higher concentration and lower pH of EDTA dissolution. In control soils (0 t ha -1 ), both extractants removed more Pb and Cu than Cd, Ni or Zn.
For all metals and soils, the percentages extracted increased with sewage sludge rates (Table 5) . For both extractants, the largest increases corresponded to Zn followed by Pb. For Cd, Cu and Ni the difference between the percentages extracted at the highest rate and the control was below 2.6%. Zinc was the metal with the largest concentration in the sewage sludge and it was also present in more mobile fractions than Pb and Cu (Fig. 1) . Despite Cu concentration in sludge was 1.6 times larger than that of Pb, the smaller increase in the percentage of extracted Cu reflected that Cu formed more stable complexes with sludge's organic matter than Pb. The average percentages of Cd and Ni extracted with EDTA and DTPA increased slightly with increasing sewage sludge rates; this increment was not observed in the Tessier sequential partitioning. Consequently, both chelates seemed to be more effective to assess the mobility of metals added with the sludges at low concentrations than the Tessier's chemical partitioning.
The effectiveness of EDTA and DTPA to remove metals varied with soils. The average percentages extracted were lower in the acidic soil (Lh) than in calcareous soils (Table 5) , probably because the complexing capacity of EDTA and DTPA is not favoured at acidic pH (Harris 1992) . In all soils, average percentages extracted increased with sludge doses. The squared correlation coefficients for the EDTA extraction ranged from 0.97 for Cx2 to 0.70 for Px; and for the DTPA extraction, the coefficients varied between 0.97 for Lh soil and 0.64 for Cx1. The soil with the largest percentage of carbonates (Px) showed the smallest increment in the metal extracted with increasing sludge For personal use only.
doses, and was largely attributable to buffering soil pH in basic soils (McBride 1995) . To sum up, the Tessier partitioning of Cd, Cu, Ni, Pb and Zn in the sewage sludge reflected the predominance of the NH 2 OH.HCl and H 2 O 2 /HNO 3 extracted metals. Soil amendment with sewage sludge increased the total concentration of Cu, Pb and Zn. There were no significant differences in the total concentration of Ni and Cd after the addition of sludge. The rise mirrored the sludge metallic content and the applied doses. A positive correlation was detected between a higher sludge application rate and the overall mean percentage of metals extracted in non residual fractions. In the acidic soil, exchangeable Zn was detected in all soil-sludge mixtures; in calcareous soils, immobilisation of exchangeable Zn from sludge took place. Extraction with EDTA was more sensitive to soil type, whereas extraction with DTPA showed wider variation with metals. Both chelates seemed to be more effective to assess the mobility of metals added with the sludges at low concentrations than the Tessier's chemical partitioning. The Tessier procedure, much more laborious than selective extractions, showed significant differences only in the extractions with NH 2 OH.HCl and H 2 O 2 /HNO 3 .
